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ABSTRACT 
This paper evaluates external diaphragm axial capacity in moment frame structures with square concrete-
filled steel tubular (CFST) columns considering bidirectional loading. Three design methods were 
considered: (1) the CIDECT method; (2) the equivalent beam method; and (3) the tie method. Finite element 
analyses were conducted to investigate the behaviour of an external diaphragm plate connected to a square 
CFST column under varied bidirectional diaphragm axial forces. It is shown that the perpendicular diaphragm 
axial forces did not reduce the diaphragm axial capacity significantly, which is consistent with the 
assumptions made by the CIDECT method and the tie method. The CIDECT method, in some cases, was not 
conservative. Among the considered methods, the tie method was the most justifiable method, although in 
some cases the capacity predictions were too conservative. The tie method was later modified by considering 
the contribution of the steel tube in addition to the diaphragm plate in calculating the diaphragm axial 
capacity. The modified tie method was shown to accurately predict a lower bound estimate of the capacity of 
an external diaphragm connection. 
 
INTRODUCTION 
Concrete-filled steel tubular (CFST) columns have been widely 
used because of their excellent performance in earthquake 
resisting frame structures. The interaction between the concrete 
core and the steel tube improves the strength and the ductility 
of the column. In some cases, moment-resisting frame 
structures with CFST columns can be more economical than the 
structures with H-shaped steel columns. The steel consumption 
of a structure with CFST columns can be reduced by 10% as 
concluded from trial design cases conducted by Morino et al. 
[1]. The construction efficiency can also be increased by 
minimizing the needs of labour and formwork materials [2].  
Most CFST columns have circular or square shapes, which are 
suitable for two-way moment-resisting frame structures 
because they have equal strength and stiffness in the main 
orthogonal directions. Although the circular-shaped CFST 
columns have higher axial capacity, the square-shaped CFST 
columns are more preferable because they have flat surfaces, 
which make them more suitable for making connections.  
Various types of steel-beam-to-CFST-column connections have 
been proposed and investigated. Alostaz & Schneider [3] and 
Schneider & Alostaz [4] tested several connection types for 
circular CFST columns, including: a simple welded connection; 
connections with additional connectors (continuous web plates, 
diaphragm plates, embedded deformed bars, interior headed 
studs, or headed studs on web plates); and connections with 
continuous beam flanges or continuous beams. It was found that 
the continuous beam connection had the highest strength and 
ductility. Some other connection types have also been studied, 
these include: beam end-plate connections with through-bolts 
[5, 6, 7]; beam end-plate connections and T-stub connections 
with anchored or blind bolts [8, 9]; welded T-stiffeners [10, 11, 
12]; and welded diaphragm plate connections [13, 14, 15].  
Each connection type has advantages and disadvantages as 
summarized by Chunhaviriyakul et al. [16]. Among the 
considered connection types, the diaphragm-type connections 
have some important characteristics, such as: their efficient 
force transfer mechanisms; their suitability for two-way frames; 
and their applicability for low damage connections. The 
diaphragm-type connections can be made with through-
diaphragms, internal diaphragms, or external diaphragms. The 
connections with external diaphragm plates (Fig. 1) require 
simpler welding methods and also avoid concrete compacting 
issues which often exist in the through-diaphragm or internal 
diaphragm connections. Voids resulted from poor concrete 
compaction decrease the strength of the composite column. 
Although the external diaphragm connections (EDCs) have 
some advantages to be used in moment-resisting frames with 
CFST columns, a limited number of studies had been 
conducted, especially those considering the effect of 
bidirectional diaphragm axial loading. It is also necessary to 
have a simple and robust design method for EDCs under 
bidirectional diaphragm axial loading. In order to address this 
need, answers are sought to the following questions: 
1) What design methods have been proposed for external 
diaphragm connections?  
2) Which design method shows the best agreement with the 
numerical analysis results? 
3) What modification can be made to improve the accuracy of 




Figure 1: A square CFST column connection with external 
diaphragm connection. 
CONSIDERED DESIGN METHODS 
In moment-resisting frame structures with CFST columns, 
external diaphragms are designed to resist tension and 
compression forces resulting from the beam end moments as 
shown in Fig. 2. The tension forces are more critical because 
the steel tube has to resist the out-of-plane deformation alone. 
In the compression side, the forces are transferred to the 
concrete core through bearing actions. Accordingly, the 
following design methods only consider the external diaphragm 
tension capacity. 
 
Figure 2: Force transfer mechanism in an external 
diaphragm connection. 
The CIDECT Method 
The CIDECT (Comité International pour le Développement et 
l’Etude de la Construction Tubulaire) method was described in 
Kurobane et al. [17]. It was developed based on studies 
conducted in Japan. It has two direct design equations for 
predicting the ultimate strength of square or rectangular CFST 
column connections with external diaphragms. The formulation 
in Eq. (1) was derived from the ultimate strength formula for 
plain steel column connections with a greater resistance factor 
considering the concrete core restraining effects. The 
formulation in Eq. (2) was derived from the yield strength 
equation for circular hollow section (CHS) column 
connections. A factor equal to 1.0/0.7 was used to convert the 
yield strength equation to the ultimate resistance equation 
according to structural steel connections design 
recommendations in Japan. 
The dimensional parameters and the range of validity of the 
method are described in Fig. 3. If the diaphragm side angle, θ ≤ 
30°, the connections are categorized as Type I, and if 30° ≤ θ ≤ 
45°, the connections are categorized as Type II. For Type I, the 
diaphragm tension capacity, Tdiaph, can be taken as the larger 
value from Eq. (1) and Eq. (2). For Type II, Tdiaph, is calculated 
using Eq. (2) alone. In those equations, tt and td are the 
thicknesses of the column tube and the diaphragm plate 
respectively, bc is the column width, hd is the projected width of 
the diaphragm at the critical section, fyt and fyd are the yield 
strengths of the column tube and diaphragm plate respectively, 


























Figure 3: Dimensional parameters for the CIDECT method. 
The Equivalent Beam Method 
The equivalent beam method was proposed by MacRae [18]. In 
this method, external diaphragm plates and column tubes are 
assumed to form T-sectioned beams, as shown in Fig. 4. The T-
sectioned beams may simply and conservatively be assumed to 
be fixed at the end of compression sides, as shown in Fig. 5. 
Consequently, the equivalent frame configurations are different 
for one-way and two-way loadings. The equivalent beams are 
elastically designed to resist the critical bending moment, shear 












(b) Section A 




































Range of validity 
Type I: 
20 ≤ bc/tt ≤ 50 
0.75 ≤ td/tt ≤ 2 
td ≥ tfb 
hd/bc ≥ 0.1 tfb /td 
 
Type II: 





Figure 4: Equivalent beam analogy. 
 
 
Figure 5: Simplified model for the equivalent beam method 
(plan view). 
The Tie Method 
The tie method was initially proposed by Beetham. The method 
was developed assuming tensile stress bands on the diaphragm 
plates when critical diaphragm axial forces, Px and Py, occur, as 
shown in Fig. 6(a). By ignoring the compression forces, the 
diaphragm plate is considered to behave in a similar way if a tie 
(or a string) is looped around the column and pulled out at one 
or two sides as shown in Fig. 6(b). In this approach, there is no 
interaction between two perpendicular diaphragm axial forces, 
Px and Py, so that each side of the diaphragm can be designed 
separately. The diaphragm design capacity is defined as the 
diaphragm axial force, Px or Py, that causes the tie element to 
reach its tension capacity at the critical section. The tension 
capacity can be defined as the yielding of the diaphragm plate 




Figure 6: The tie method concept and simplification. 
FINITE ELEMENT ANALYSIS 
Finite element analyses (FEA) are conducted using ABAQUS 
[19] to investigate the behaviour of external diaphragms 
connected to CFST columns under in-plane axial loading. Each 
model consists of one CFST column and one diaphragm plate 
connected to the column tube. Homogenous shell elements are 
used to model the diaphragm plates and the steel tube. Bilinear 
stress-strain relationship, with modulus of elasticity of 200000 
MPa and varied yield strengths, is used to model the steel 
material behaviour. The concrete core is modelled as a rigid 
solid element, assuming that the strength of the steel tube and 
diaphragm plate determine the connection capacity as defined 
in the considered methods. The interaction between the 
concrete core and the steel tube internal surfaces is defined as a 
normal “hard” contact behavior. This feature allows separation 
between the contacted surfaces under tension, and results in 
contact pressure under compression. Friction between the two 
surfaces is ignored. The weld between the diaphragm plate and 
tube is assumed to develop full strength and modeled by 
merging the plates into one instance.  
A profile of the modelled connection detail is given in Fig. 7. 
For parametric evaluations, parameters tt, hd, td, and fyd, are 
varied, as described in Table 1. Fixed parameters are: column 
width and length (bc = 600 mm and Lcm = 1200 mm); diaphragm 
edge length and width (Ld = 525 mm and bd = 230 mm); and 
steel tube yield strength (fyt = 300 MPa). The outer corner 
radius, rc, is taken as three times as wide as the column tube 
thickness, tt, as specified for standard cold-formed square 
hollow sections with the thickness equal to 3 mm or larger [20]. 
Fixed restraints are applied at the top and bottom ends of the 
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steel tube, as shown in Fig. 8. The diaphragm forces are applied 
as nodal shear forces at the bolt centres on each side of the 
diaphragm and gradually increased. Diaphragm forces at the 
tension and compression sides of the column are applied 
simultaneously both for the one-direction (x-axis direction 




Figure 7: Modelled profile. 
 
 
Figure 8: External diaphragm connection numerical model 
(isometric view). 
 






















The applied diaphragm forces should be limited to avoid a large 
residual deformation of the column tube. For this reason, the 
diaphragm design capacity is defined as the force which results 
in a residual displacement, δres, at the midpoint of the column 
tube equals to 0.083% (< 0.1%) of the column dimension, as 
illustrated in Fig. 9. For the 600 mm width column, this is 0.5 
mm. Such an approach is similar to the 0.2% offset strain used 
to obtain yield strength in metals. 
 
Figure 9: Diaphragm axial capacity determination. 
EVALUATION OF THE DESIGN METHODS 
The diaphragm axial capacity is evaluated using the considered 
design methods and finite element analysis for three 
configurations: (1) Minimum (tt = 12 mm, hd = 20 mm, td = 15 
mm); (2) Medium (tt = 16 mm, hd = 80 mm, td = 20 mm); and 
(3) Maximum (tt = 20 mm, hd = 140 mm, td = 25 mm). The other 
dimensions are fixed: bc = 600 mm; Ld = 525 mm; bd = 230 mm, 
and tfb = 17.3 mm (assuming the 610UB113 section is used for 
the connected beams). The steel material properties are: fyd = fyt 
= 300 MPa and fud = 430 MPa. 
The following design examples describe the axial capacity 
calculation of an external diaphragm connection with the 
medium configuration, which has the following dimensions: tt 
= 16 mm, hd = 80 mm and td = 20 mm. 
The CIDECT Method 
The angle of external diaphragm side: 














) = 30.774° > 30°  
The diaphragm connection is categorized as Type II. Hence, the 
diaphragm tension capacity, Tdiaph, is calculated using Eq. (2). 
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Tdiaph = 2737.15 kN  
The diaphragm tension capacity, Tdiaph, applies for both one-
way and two-way loading. 
The Equivalent Beam Method 
The effective width of column tube, as the flange of the T-
section, is determined using the yield slenderness limit for one-
sided supported flat plate elements under uniform compression 
(NZS3404: Part 1, Table 5.2 [21]): 




 = 233.695 mm  
Total width of the flange is: 
bf = 2beff + td = 487.39 mm  
The effective width of the diaphragm plate, as the stem of the 
T-section, is determined using the yield slenderness limit for 
one-sided supported flat plate elements under non-uniform 
compression (NZS 3404: Part 1 1997): 




 = 456.44 mm > hd = 80 mm  
hstem = hd = 80 mm  
The section properties (about neutral axis) of the T-section are: 
Ag = 9398.24 mm
2  
I = 3.571 × 106 mm4  
Smin = 4.473 × 10
4 mm3  
Flexural, axial and shear capacities of the section are: 
Mn= Sminfy = 13.42 kN.m  
Tn= Agfy = 2819 kN 
Vn= hstemtd (0.6 fy)  = 288 kN  
Maximum forces at critical locations due to concentrated 
forces, P, on frame with length, L, are: 


























Where L is simply taken as the column width, bc = 600 mm. 
The loads that cause yielding on the T-section beam are: 
For one-way loading: 
Tdiaph = min [(
12Mn
L
) ,(2Tn),(2Tn)]  
Tdiaph = 268.4 kN  
For two-way loading: 
Tdiaph = min [(
8Mn
L
) ,(2Tn),(2Tn)]  
Tdiaph = 178.9 kN  
The Tie Method 
In the tie method, Tdiaph values are obtained conservatively by 
calculating only the tension strength of the diaphragm plate at 
the critical section. 
The tie section area at critical section using full width of hd: 
Acr = tdhd√2 = 2262.7 mm
2  
External diaphragm tension capacity: 
Tdiaph = Acrfyd√2 = 960 kN  
The diaphragm tension capacity, Tdiaph, applies for both one-
way and two-way loading. 
Comparison with FE Results 
The values of external diaphragm design capacity, Tdiaph, based 
on three numerical results for the minimum, medium, and 
maximum configurations are compared with the ones 
determined from the FEA, as shown in Table 2. No design 
capacity is obtained using the CIDECT method for the 
minimum configuration because it is out of the range of 
validity. For the other configurations, the CIDECT method 
results in non-conservative design capacity values. The 
equivalent beam method and the tie method always result in 
much lower values than those determined from the FEA. 
Table 2: Design capacities of external diaphragm 
connections. 
Configuration Case Tdiaph from 
FEA 
Tdiaph 





tt = 12mm 
hd = 20mm  
td = 15mm 









tt = 16mm 
hd = 80mm 
td = 20mm 













tt = 20mm 
hd = 140mm 
td = 25mm 












OR: out of the range of validity 
 
Figure 10: Bidirectional interaction of external diaphragm 
axial capacity (medium configuration). 
Both the CIDECT method and the tie method assume that the 
diaphragm axial capacity is not affected by the application of 
perpendicular forces, while in the equivalent beam method the 


















axial forces (Table 2). For the medium and maximum 
configurations, the perpendicular axial forces reduce by 33% of 
the capacity for one-way loading, if calculated using the 
equivalent beam method. From the FEA results, it is shown that 
the diaphragm design capacities are not significantly affected 
by the perpendicular forces, which conform to the assumption 
of the CIDECT method and the tie method. The design capacity 
interactions for the medium configuration are shown in Fig. 10. 
MODIFICATION OF THE TIE METHOD 
Among the considered methods, the tie method is the most 
suitable design method due to its consistency with the finite 
element results that the diaphragm axial capacity is not affected 
by the perpendicular loading. However, the capacity predicted 
using the tie method is too conservative. The accuracy of the tie 
method can be improved by including the steel tube 
contribution in the effective tie area calculation at the critical 
section (Fig. 11). The critical tie element section consists of a 
diaphragm plate and a column steel tube which form a T-shaped 
section, as shown in Fig. 11(b). The diaphragm axial capacity, 
Tdiaph, can be calculated using Eq. (3). The width factors, αt and 
αd, are introduced to determine the portions of the column steel 
tube and the diaphragm plate which contribute to the tie 
strength. 
Tdiaph = (αtbcttfyt + αdhd√2 tdfyd) √2 (3) 
Where: fyt = the tube yield strength; fyd = the diaphragm yield 
strength; tt = the steel tube thickness; td = the diaphragm 
thickness; bc = the column width; hd = the diaphragm critical 





Figure 11: The tie element model and critical section area. 
 
 









A number of diaphragm axial capacity values, Tdiaph, are 
obtained from FEA for all modeled configurations. By 
assuming αd as a constant value, the corresponding αt values for 
corresponding Tdiaph values versus a non-dimensional 
parameter, fydtd/fyttt are plotted in Fig. 12. The first approach 
assumes that the entire section of the diaphragm plate width 
reaches its yield stress (αd = 1.0) and the αc values are plotted 
as shown in Fig. 12(a). From this approach, the lower bound 
value for αd can be taken as 0.12. The second approach assumes 
only some part of the diaphragm width reaches its yield stress 
(αd = 0.7) as shown in Fig. 12(b). The value of αt tends to 
increase linearly as the fydtd/fyttt increases. The lower bound 









It can be seen that the second approach gives more accurate 
results than the first one in predicting the diaphragm capacity. 
Therefore, the design procedure using the modified tie method, 
for the similar diaphragm configurations, can be summarized as 
follows: 
1) Identify the design parameters: bc, tt, hd, td, fyd, and fyt. 
2) Determine the width factors, αd and αt. For more accurate 
results, the second approach (Fig. 12(b)) is more highly 
recommended. 
3) Calculate the diaphragm design capacity, Tdiaph, using Eq. 
(3). 
By way of illustration, the design procedure can be applied to 
the same configuration as in the calculation examples (bc = 
600 mm, tt = 16 mm, hd = 80 mm, td = 20 mm, fyd = fyt = 300 
MPa). By using the second approach, the width factors, αd and 
αt, are 0.7 and 0.23 respectively. Therefore, the diaphragm 




























(a) αd = 1.0 
αt=0.12 










axial capacity, Tdiaph, is 1608.8 kN, which is 22% lower than 
the value obtained from the finite element analysis. 
CONCLUSIONS 
1) Three design methods are considered to calculate the axial 
capacity of external diaphragm plates connected to square 
CFST columns: the CIDECT method; the equivalent beam 
method; and the tie method. Among the methods, only the 
equivalent beam method considers the effect of 
bidirectional loading. 
2) Finite element analysis results show that perpendicular 
diaphragm forces do not affect the external diaphragm axial 
capacity. This finding is consistent with the CIDECT 
method and the tie method. However, the CIDECT method 
has a limited range of validity and gives non-conservative 
design capacity predictions. The tie method is the most 
promising design method due to its assumption on the 
perpendicular load interaction and the conservativeness.  
3) A formulation which considers the contribution of the steel 
tube and the diaphragm plate is proposed for modifying the 
tie method. In the evaluated range of configuration, the 
modified tie method can accurately predict a lower bound 
estimate of the capacity of an external diaphragm 
connection. 
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